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HIGHLIGHTS 


•  Anode  flooding  can  occur  by  direct  flow  of  condensed  water  in  humidified  fuel. 

•  Anode  flooding  induces  local  fuel  starvation  and  high  potential  in  the  anode. 

•  High  potential  locally  present  in  the  anode  results  in  anode  carbon  corrosion. 

•  Anode  carbon  corrosion  plays  a  key  role  in  MEA  degradation  by  anode  flooding. 
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Polymer  electrolyte  membrane  fuel  cell  (PEMFC)  stacks  in  a  fuel  cell  vehicle  can  be  inevitably  exposed  to 
harsh  environments  such  as  cold  weather  in  winter,  causing  water  flooding  by  the  direct  flow  of 
condensed  water  to  the  electrodes.  In  this  study,  anode  flooding  was  experimentally  investigated  with 
condensed  water  generated  by  cooling  the  anode  gas  line  during  a  long-term  operation  ( ~  1600  h).  The 
results  showed  that  the  performance  of  the  PEMFC  was  considerably  degraded.  After  the  long-term 
experiment,  the  thickness  of  the  anode  decreased,  and  the  ratio  of  Pt  to  carbon  in  the  anode 
increased.  Moreover,  repeated  fuel  starvation  of  the  half-cell  severely  oxidized  the  carbon  surface  due  to 
the  high  induced  potential  (>1.5  Vrhe)-  The  cyclic  voltammogram  of  the  anode  in  the  half-cell  experi¬ 
ments  indicated  that  the  characteristic  feature  of  the  oxidized  carbon  surface  was  similar  to  that  of  the 
anode  in  the  single  cell  under  anode  flooding  conditions  during  the  long-term  experiment.  Therefore, 
repeated  fuel  starvation  by  anode  flooding  caused  severe  carbon  corrosion  in  the  anode  because  the 
electrode  potential  locally  increased  to  >1.0  Vrhe-  Consequently,  the  density  of  the  tri-phase  boundary 
decreased  due  to  the  corrosion  of  carbons  supporting  the  Pt  nanoparticles  in  the  anode. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  membrane  fuel  cells  (PEMFC)  have  been 
extensively  developed  as  an  electrochemical  energy  conversion 
device  and  the  main  power  source  for  hydrogen  vehicles  because  of 
their  high  efficiency  and  environment-friendly  operation  1]. 
PEMFCs  consist  of  many  components  developed  by  various  tech¬ 
nologies  related  to  electrochemistry,  materials  science,  and 
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chemical  and  mechanical  engineering;  membrane  electrode  as¬ 
semblies  (MEAs),  gas  diffusion  layers  (GDLs),  and  bipolar  plates 
with  gas  flow  channels.  Global  automakers  have  achieved  signifi¬ 
cant  accomplishments  to  commercialize  fuel  cell  vehicles  (FCVs) 
over  the  past  decade.  Recently,  Hyundai  motor  company  started  the 
commercial  production  of  the  Tucson  ix35  FCV  with  a  well- 
designed  fuel  cell  stack,  which  can  cover  ~594  km  under  new 
European  driving  cycle  conditions  without  hydrogen  refueling. 
However,  to  be  more  commercially  viable,  the  fuel  cell  stacks 
should  be  improved  further  by  overcoming  technical  issues  such  as 
high  Pt  loadings  [2,3  ,  difficulty  in  water  management  [4,5], 
corrosion  of  bipolar  plates  [6,7  ,  and  low  hydrogen  storage  capacity 
of  the  fuel  tank  [8,9  . 
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Among  these  obstacles,  water  management  in  the  MEAs  is  one 
of  the  most  crucial  issues  affecting  the  performance  of  the  fuel  cell 
stack  10].  The  cathode  of  a  PEMFC  electrochemically  produces 
water  by  the  oxygen  reduction  reaction  (ORR),  and  some  of  the 
water  thus  generated  can  be  transferred  to  the  anode  by  the  back- 
diffusion  mechanism  11  ].  In  contrast,  the  protons  generated  at  the 
anode  are  transferred  with  water  to  the  cathode  by  electroosmotic 
drag  [12].  Furthermore,  under  normal  fuel  cell  operation,  H2  and  air 
with  high  relative  humidity  (RH)  are  supplied  to  the  anode  and 
cathode  of  fuel  cell  stacks,  respectively  [2,4,13  .  Therefore,  if  the 
water  present  in  the  catalyst  layers  is  not  properly  managed,  it 
severely  inhibits  the  transport  of  H2  and  02  to  the  catalyst  surface 
through  the  electrodes  with  a  thickness  of  several  micrometers. 

The  effects  of  cathode  flooding  on  fuel  cell  performance  have 
been  already  studied  [10,14,15  .  It  has  been  reported  that  liquid 
water  blocks  the  catalytic  active  sites  in  the  cathode,  resulting  in 
extremely  low  performance  of  the  fuel  cell  because  of  the  high 
mass-transfer  resistances  in  the  high  current  density  region  and  the 
high  overpotential  of  the  ORR  itself.  To  remove  water  from  the 
cathode  efficiently,  hydrophobic  additives,  such  as  polytetra- 
fluoroethylene  (PTFE),  have  been  added  to  the  cathode  catalyst 
layers  [14,15],  or  the  surface  of  carbon  support  materials  has  been 
selectively  functionalized  with  a  temperature-directed  switchable 
polymer  to  thermally  change  the  hydrophilicity  of  the  catalyst 
layers  [10  . 

Despite  the  technical  importance,  anode  flooding  has  been 
rarely  investigated  since  the  anodic  reaction,  hydrogen  oxidation 
reaction  (HOR),  has  a  low  overpotential  compared  to  the  ORR. 
Under  practical  operating  conditions  such  as  cold  weather  during 
winter,  anode  flooding  in  the  MEAs  can  be  accelerated  due  to  the 
direct  flow  of  condensed  water  to  the  anode;  humidified  hydrogen 
can  be  cooled  down  during  passing  through  the  gas  lines  con¬ 
necting  the  humidifier  to  the  stack.  Moreover,  during  long-term 
operation,  excess  water  can  be  transferred  from  the  cathode  to 
the  anode  by  back  diffusion.  Continuous  water  accumulation  in  the 
anode  may  cause  severe  anode  flooding  and  localized  fuel  starva¬ 
tion  in  the  fuel  cell  stacks.  This  may  become  an  important  factor  for 
anode  degradation,  and  severe  problems  such  as  carbon  corrosion 
can  be  electrochemically  observed  in  the  anode. 


Fig.  2.  The  voltage  decay  profiles  of  the  single  cells  for  1600  h  at  the  constant  current 
density  of  1  A  cm-2. 

As  shown  in  previous  studies  on  fuel  starvation  at  the  anode,  the 
oxidation  reaction  of  carbon  supports  (carbon  corrosion)  pre¬ 
dominated  over  the  HOR  at  the  anode  due  to  the  abnormally 
increased  electrode  potential  of  >1.0  Vrhe  when  H2  gas  was  not 
sufficiently  supplied  to  the  anode  [16-19  .  The  carbon  corrosion 
mechanism  can  be  expressed  as  follows: 

C  +  2H20 C02  +  4H+  +  4e“ (0.207  VRHE) 

C  +  H2O^CO  +  2H+  +  2e-(0.518  VRHE) 

where  RHE  is  the  reversible  hydrogen  electrode. 

Although  carbon  corrosion  reactions  in  the  anode  are  generally 
not  thermodynamically  or  kinetically  favored  under  normal  oper¬ 
ating  conditions,  those  reactions  can  be  accelerated  when  the 
electrode  potential  increases  to  >1.0  Vrhe  due  to  hydrogen  fuel 
starvation  [20-26  .  Therefore,  anode  flooding  is  very  similar  to  fuel 
starvation,  in  that  severe  concentration  overpotential  is  induced 
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Fig.  1.  A  schematic  diagram  of  the  experimental  set-up  to  simulate  the  anode  flooding  status  during  long-term  performance  test  of  single  cell. 
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locally  by  the  decreasing  hydrogen  diffusion  rate  owing  to  the 
presence  of  condensed  liquid  water  in  the  anode  catalyst  layer. 
Therefore,  anode  flooding  may  significantly  affect  the  durability 
and  catalytic  activity  of  catalysts  due  to  severe  carbon  corrosion. 

Darling  and  Gasteiger  research  groups  reported  cathode  car¬ 
bon  corrosion  caused  by  localized  fuel  starvation  [25,27].  A 
vacant  space,  in  which  the  access  to  H2  gas  was  limited,  was 
formed  in  the  anode  catalyst  layer  as  a  result  of  blocked  fuel  flow 
in  the  active  area  during  fuel  cell  operation.  Then,  since  the 
diffusion  of  O2  from  the  cathode  to  the  vacant  space  in  the  anode 
through  the  membrane  increased,  carbon  corrosion  occurred  in 
the  cathode  due  to  the  formation  of  a  H2/air  boundary  in  the 
anode  [28,29  .  On  the  other  hand,  Wilkinson  and  Hou  research 
groups  introduced  N2  gas  instead  of  H2  gas  as  the  fuel  or  a 
mixture  of  H2  and  N2  gases  to  the  anode  to  simulate  fuel  star¬ 
vation  at  the  anode,  resulting  in  irreversible  damage  to  the  fuel 
cell  stack  16,17,30  .  In  these  cases,  it  was  difficult  to  form  a  H2 / 
air  boundary  in  the  anode  catalyst  layer  because  the  anode  was 
already  filled  with  inert  N2  gas.  Consequently,  the  anode  poten¬ 
tial  immediately  increased  on  fuel  starvation,  and  carbon  corro¬ 
sion  occurred  in  the  anode  catalyst  layer,  but  not  in  the  cathode. 
When  H2  gas  was  abruptly  replaced  by  N2  gas,  the  cell  potential 
dramatically  decreased  to  -1.0  Vrhe  within  10  min  due  to 
extreme  fuel  starvation. 

Herein,  we  investigated  degradation  of  MEA  caused  by  anode 
flooding  that  might  occur  frequently  during  winter.  The  tempera¬ 
ture  of  the  anode  line  heater  was  intentionally  maintained  at  30  °C 
to  simulate  anode  flooding  condition  resulting  from  the  presence  of 
condensed  water  in  the  exterior  H2  gas  line  (Fig.  1).  To  closely 
examine  the  cause  of  fuel  cell  performance  degradation,  the  elec¬ 
trodes  were  analyzed  by  scanning  electron  microscopy  (SEM), 
transmission  electron  microscopy  (TEM),  energy-dispersive  X-ray 
spectroscopy  (EDS),  electron  probe  microanalyzer  (EPMA),  and 
electrochemical  measurements  such  as  electrochemical  impedance 
spectroscopy  (EIS)  and  cyclic  voltammetry  (CV).  The  results  of  half¬ 
cell  experiments  confirmed  that  repeated  anode  flooding  condi¬ 
tions  drastically  degraded  the  fuel  cell  catalysts. 

2.  Experimental 

2.2.  Single  cell  preparation  and  activation  process 

The  commercial  perfluorinated  sulfonic  acid  (PFSA)  MEAs  (Gore 
Co.)  with  an  active  area  of  25  cm2  and  graphite  bipolar  plates  (ILDO 
F&C  Co.,  Ltd.)  with  four-serpentine  channels  for  both  anode  and 
cathode  flow  fields,  which  had  mirror-image  symmetry  and  co-flow 
orientation.  The  channel  and  land  widths  were  1.0  and  0.75  mm, 
respectively.  The  channel  depths  of  the  anode  and  cathode  sides 
were  0.40  and  0.60  mm,  respectively.  Both  the  anode  and  cathode 
were  composed  of  conventional  Pt/C  catalyst  with  Pt  loadings  of  0.1 
and  0.4  mg  cm-2,  respectively.  A  commercial  GDL  with  a  thickness  of 
415  pm  was  used.  The  GDL  was  composed  of  a  microporous  layer  and 
macroporous  carbon  fiber  felts  that  were  wet-proofed  by  hydro- 
phobic  treatment.  The  assembled  single  cell  was  fully  activated  by 
maintaining  a  constant  voltage  of  0.45  V  for  24  h  at  80  °C  using  H2 
and  air  with  an  RH  of  ~  100%.  The  stoichiometric  ratios  (SRs)  of  H2 
and  air  were  1.5  and  2.0,  respectively.  Two  fully  activated  single  cells 
were  identically  prepared  to  compare  their  behaviors  under  different 
anode  operating  conditions. 

2.2.  Long-term  performance  experiments  using  constant  current 
density 

During  the  long-term  performance  experiment,  the  cell  tem¬ 
peratures  were  maintained  at  80  °C,  and  the  RHs  were  maintained 


at  100%  for  both  the  anode  and  cathode  humidifiers.  Although  the 
anode  line  heater  of  the  single  cell  was  controlled  at  96  °C  as  the 
normal  operating  condition,  that  of  the  other  single  cell  was 
maintained  at  30  °C  to  simulate  the  anode  flooding  conditions  by 
condensing  humidified  H2  gas  in  the  gas  line.  The  SRs  of  H2  and  air 
were  1.5  and  2.0,  respectively,  at  a  given  current  density  of 


(a) 


(b) 


Fig.  3.  The  effects  of  the  anode  flooding  on  the  single  cell  performance  at  every  250  h 
during  the  long-term  performance  test.  The  polarization  curves  of  the  single  cells 
under  (a)  normal  and  (b)  anode  flooding  conditions,  (c)  represents  the  change  of  the 
current  densities  at  0.6  V  as  a  function  of  test  times. 
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1  A  cm  2.  Two  single  cells  under  different  anode  line  heating 
conditions  were  investigated  for  up  to  ~  1500  h. 

23.  Electrochemical  characterizations  of  the  single  cells  during 
long-term  experiment 

The  electrochemical  properties  of  the  single  cells  were  char¬ 
acterized  by  the  polarization  curve  (current-voltage  or  i-V),  CV, 


and  EIS  at  every  250  h  during  the  long-term  experiment.  In  the 
measurements  of  the  polarization  curves,  the  RHs,  SRs,  and 
temperatures  were  the  same  as  in  the  long-term  experiment.  The 
EIS  was  measured  from  50  mHz  to  10  kHz.  The  amplitude  of  the 
sinusoidal  current  signal  was  5  mV  at  an  applied  potential  of 
0.85  V.  The  EIS  measurements  were  conducted  under  two  gas 
supply  conditions:  normal  and  reverse.  Under  the  normal  gas 
condition,  H2  and  air  were  supplied  to  the  anode  and  cathode, 
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Fig.  4.  The  Nyquist  plots  to  characterize  the  electrochemical  resistances  of  the  single 
cells  under  (a)  the  normal  and  (b)  the  anode  flooding  conditions  during  the  long-term 
test,  (c)  represents  changes  of  Rct  of  the  cathodes  in  the  single  cells  as  a  function  of  test 
time.  Hydrogen  and  air  gases  were  flowed  into  the  anode  and  cathode,  respectively. 


Fig.  5.  The  Nyquist  plots  to  characterize  the  electrochemical  resistances  of  the  single 
cells  under  (a)  the  normal  and  (b)  the  anode  flooding  conditions  during  the  long-term 
test,  (c)  represents  changes  of  Rct  of  the  anodes  in  the  single  cells  as  a  function  of  test 
time.  Air  and  hydrogen  gases  were  flowed  into  the  anode  and  cathode,  respectively. 
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respectively.  In  contrast,  under  the  reverse  condition,  H2  and  air 
were  supplied  to  the  cathode  and  anode,  respectively,  to  clearly 
elucidate  the  anode  degradation  caused  by  anode  flooding.  For 
the  cathode,  the  CVs  were  measured  from  50  mV  to  1.2  V  at  a 
scan  rate  of  50  mV  s_1  when  humidified  H2  and  N2  were  supplied 
to  the  anode  and  cathode,  respectively.  For  the  anode,  the  CVs 
were  measured  by  reversing  the  gases  to  the  anode  (N2)  and 
cathode  (H2)  to  investigate  the  anode  parts  in  more  detail.  The 
electrochemically  active  surfaces  (EASs)  of  the  electrodes 


were  estimated  from  the  coulombic  charge  for  hydrogen 
desorption  (Qh). 

2.4.  Post-mortem  analyses  of  the  MEAs 

The  electrode  thickness  of  the  MEAs  was  measured  by  SEM 
(XL30  ESEM,  FEI).  The  compositions  of  Pt  and  carbon  in  the  elec¬ 
trodes  were  analyzed  by  the  EDS  in  the  SEM.  The  cross-sectional 
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Fig.  6.  The  CVs  to  characterize  the  electrochemical  properties  of  the  single  cells  under 
(a)  the  normal  and  (b)  the  anode  flooding  conditions  during  the  long-term  test,  (c) 
represents  changes  of  EAS  of  the  cathodes  in  the  single  cells  as  a  function  of  test  time. 
Hydrogen  and  nitrogen  gases  were  flowed  into  the  anode  and  cathode,  respectively. 
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Fig.  7.  The  CVs  to  characterize  the  electrochemical  properties  of  the  single  cells  under 
(a)  the  normal  and  (b)  the  anode  flooding  condition  during  the  long-term  test,  (c) 
represents  changes  of  EAS  of  the  anodes  in  the  single  cells  as  a  function  of  test  time. 
Nitrogen  and  hydrogen  gases  were  flowed  into  the  anode  and  cathode,  respectively. 
This  is  a  reverse  gas  flow  condition  in  Fig.  6. 
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Pt  distributions  in  the  MEAs  were  observed  by  the  EPMA  (JXA- 
8500F,  Jeol).  The  particle  size  and  distribution  of  Pt  catalysts  were 
analyzed  by  TEM  (CM30,  Philips)  before  and  after  the  long-term 
experiment. 

2.5.  Accelerated  degradation  test  (ADT)for  repeated  fuel  starvation 
in  half-cell 

The  electrochemical  measurements  were  analyzed  using  an 
Autolab  PGSTAT20  potentiostat  (Metrohm  Autolab  B.V.).  The  ana¬ 
lyses  were  conducted  in  a  three-electrode  electrochemical  cell  us¬ 
ing  a  rotating  disk  electrode  (RDE)  system  (Eco  Chemie  B.V.)  at 
room  temperature.  Pt  wire  and  saturated  calomel  electrode  (SCE) 
were  used  as  the  counter  and  reference  electrodes,  respectively. 


The  working  electrode  was  a  catalyst-coated  glassy  carbon  (GC) 
electrode  with  an  area  of  0.196  cm2.  All  the  potentials  were 
measured  using  the  RHE.  The  catalyst  ink  slurry  was  prepared  by 
mixing  commercial  40  wt%  Pt/C  (Johnson  Matthey),  5  wt%  Nation 
solution  (Aldrich),  and  2-propanol.  The  electrolyte  (0.1  M  HCIO4) 
was  prepared  with  deionized  water  and  70%  HC104  (Aldrich).  To 
simulate  repeated  fuel  starvation,  the  chronopotentiometry  was 
conducted  at  0.2  mA  by  switching  the  gas  flow  from  H2  (200  s)  to  Ar 
(700  s)  for  900  s  (900  s  =  one  cycle).  The  chronopotentiometry  was 
repeated  for  20  cycles,  and  the  CVs  were  recorded  with  the  po¬ 
tential  cycling  (0.05-1.0  VRHe)  to  measure  the  amount  of  oxidized 
carbon  in  the  catalyst  at  every  five  cycles  of  the  fuel  starvation.  The 
Pt  particle  size  was  analyzed  by  TEM  before  and  after  the  ADT  in  the 
half-cell. 
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Fig.  9.  Cross-sectional  SEM  (left:  a-c)  and  EPMA  mapping  for  Pt  (right:  d-f)  images  for  the  MEAs.  Fresh  MEA  before  the  long-term  performance  test  (a,  d),  and  degraded  MEAs  after 
the  long-term  test  under  the  normal  (b,  e)  and  the  anode  flooding  (c,  f)  conditions. 


3.  Results  and  discussion 

3.1.  Effects  of  anode  flooding  on  single-cell  performance 

Fig.  2  shows  the  voltage  decay  profiles  of  the  single  cells  for 
1600  h  at  a  constant  current  density  of  1  A  cm-2.  Although  the 
single  cell  voltage  under  the  normal  conditions  decreased  at  an 
average  voltage  decay  rate  of  21  pV  h  \  under  the  anode  flooding 
conditions,  the  average  voltage  decay  rate  considerably  increased 
to  200  |iV  h-1.  The  intermittent  increases  in  the  voltage  profiles  in 
the  middle  of  the  long-term  operation  can  be  attributed  to  the 
electrochemical  measurements,  such  as  i—V  curve,  CV,  and  EIS,  of 
the  two  single  cells  [31].  The  effects  of  the  anode  flooding  on  the 
single-cell  performance  were  investigated  at  every  250  h  during 
the  long-term  experiment  (Fig.  3).  The  single-cell  performance 
under  the  normal  conditions  hardly  changed  from  0  to  1600  h, 


whereas  that  under  the  anode  flooding  conditions  rapidly 
decreased  during  the  long-term  experiment.  Furthermore,  the 
current  density  at  a  voltage  of  0.6  V  for  the  single  cell  under  the 
anode  flooding  conditions  dramatically  decreased  than  under  the 

Table  1 

The  Pt  and  carbon  compositions  in  the  electrodes  before  and  after  long-term  test 
measured  from  the  EDS  using  the  SEM. 

Fresh  MEA  Degraded  MEA 

Normal  condition  Anode  flooding 

condition 


Anode 

Cathode 

Anode 

Cathode 

Anode 

Cathode 

Pt  (wt%) 

44.8 

53.8 

46.5 

52.4 

63.7 

50.3 

C  (wt%) 

55.2 

46.2 

53.5 

47.6 

36.3 

49.7 

Ratio  of  Pt  to  C 

0.81 

1.16 

0.87 

1.10 

1.75 

1.01 
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normal  conditions  for  1600  h  (Fig.  3c).  Therefore,  the  anode 
flooding  conditions  definitely  affected  the  fuel  cell  performance 
and  durability. 

3.2.  Electrochemical  analyses  for  single  cells  during  long-term 
experiment 

The  drastic  performance  degradations  by  the  anode  flooding 
were  evaluated  by  EIS  measurements  (Figs.  4  and  5)  under  two 
different  gas  supply  conditions,  normal  and  reverse,  as  described 
in  the  experimental  section.  In  the  Nyquist  plots  for  the  single 
cells,  the  intersection  of  the  X-axis  at  a  high  frequency  corre¬ 
sponds  to  the  ohmic  resistance  (R0 hm),  and  the  diameter  of  the 
semicircle  indicates  the  charge-transfer  resistance  (Rct)-  The  R0 hm 
of  the  single  cells  hardly  changed  irrespective  of  the  anode  line 
heater  temperature  and  long-term  experiment  duration  (Figs.  4 
and  5).  Therefore,  the  anode  flooding  did  not  significantly 
affect  the  ionic  and  electronic  conductivity  in  the  MEAs.  How¬ 
ever,  the  Rct  of  the  single  cell  under  the  anode  flooding  condi¬ 
tions  increased  significantly  with  the  experiment  time  (Fig.  4c). 
Moreover,  the  Rct  of  the  single  cell  under  the  anode  flooding 
conditions  increased  remarkably  when  air  was  supplied  to  the 
anode  (Fig.  5c).  When  the  gas  flows  were  reversed,  the  larger 
increase  in  the  Rct  of  the  ‘previous’  anode  sides  (currently  acting 
as  the  cathode  because  the  gas  flows  were  reversed)  can  be 
attributed  to  the  larger  overpotential  for  the  ORR  by  the  degra¬ 
dation  of  anode  catalysts.  Thus,  the  anode  suffered  more  severe 
degradation  than  the  cathode  under  the  anode  flooding  condi¬ 
tions.  The  EIS  results  are  consistent  with  the  changes  in  the 
performance,  indicating  that  the  decrease  in  performance  under 
the  anode  flooding  conditions  was  caused  by  the  degradation  of 
anode  catalysts. 

In  addition,  the  CVs  were  measured  to  clearly  elucidate  the  EIS 
results  (Figs.  6  and  7).  The  EAS  was  calculated  from  the  charge 
integration  of  the  hydrogen  desorption  peak  [32,33  ,  and  the 
changes  in  the  EAS  are  shown  as  a  function  of  the  experiment  time 
(Figs.  6  and  7c).  During  the  long-term  experiment  (Fig.  6c),  the 
decrease  in  the  EAS  of  the  cathode  (-44.3%)  under  the  anode 
flooding  conditions  was  larger  than  that  (-29.1%)  under  the  normal 
conditions.  However,  the  decrease  in  the  EAS  of  the  anode  (-86.2%) 
under  the  anode  flooding  conditions  was  much  larger  than  that 
(-28.2%)  under  the  normal  conditions  (Fig.  7c).  These  results  show 
that  the  anode  flooding  destroyed  the  structure  of  anode  catalysts 
more  severely  than  that  of  the  cathode  catalysts,  consistent  to  the 
EIS  data.  Therefore,  the  results  show  that  mainly  the  degradation  of 
the  anode  catalyst  structure  caused  the  voltage  decay  under  the 
anode  flooding  conditions  similar  to  the  EIS  results.  Moreover,  the 
CVs  show  that  the  density  of  the  tri-phase  boundary  (TPB)  in  the 
anode  may  have  significantly  decreased  under  the  anode  flooding 
conditions. 

3.3.  Post-mortem  analyses  of  MEAs 

To  directly  investigate  the  physical  and  chemical  degradations  of 
the  MEAs  after  the  long-term  experiment,  the  MEAs  were  analyzed 
by  TEM,  SEM,  EPMA,  and  EDS.  To  evaluate  the  effects  of  the  anode 
flooding  on  the  growth  of  Pt  nanoparticles,  the  TEM  images  of  the 
catalysts  in  the  two  MEAs  were  recorded  (Fig.  8).  In  the  anodes,  the 
Pt  particle  sizes  increased  from  2.95  nm  (fresh  sample)  to  4.14  and 
4.21  nm  for  the  degraded  samples  under  the  normal  and  anode 
flooding  conditions,  respectively.  In  the  cathodes,  the  Pt  particle 
sizes  also  increased  from  2.95  nm  (fresh  sample)  to  4.25  and 
4.34  nm  for  the  degraded  samples  under  the  normal  and  anode 
flooding  conditions,  respectively.  Thus,  these  results  indicate  that 
the  anode  flooding  did  not  significantly  affect  the  Pt  particle  size, 


and  the  increases  in  the  Pt  particle  size  insignificantly  affect  the 
degradation  of  the  single-cell  performance. 

However,  the  anode  thicknesses  of  two  MEAs  decreased  (elec¬ 
trode  thinning)  after  the  long-term  experiment  (Fig.  9a-c).  In 
particular,  the  anode  thickness  of  the  MEA  under  the  anode 
flooding  conditions  decreased  more  (by  34.7%)  than  that  under  the 
normal  conditions  (by  16.4%).  These  results  show  that  anode 
flooding  can  accelerate  catalyst  degradation.  Moreover,  the  EPMA 


(a) 


Time  /  s 


Fig.  10.  (a)  The  chronopotentiometry  at  0.2  mA  with  switching  the  gas  flow  from 
hydrogen  (200  s)  to  argon  (700  s)  for  900  s  in  a  half  cell  (1  cycle);  (b)  The  CVs  between 
0.05  and  1.0  VRHe  to  measure  the  electrochemical  properties  of  the  catalyst  at  every  5 
cycles  of  the  fuel  starvation;  (c)  Changes  of  the  EAS  of  the  catalyst  during  20  cycles. 
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mapping  images  for  the  cross-sectional  MEAs  showed  that  the  Pt 
concentration  in  the  anode  under  the  anode  flooding  conditions 
increased  more  sharply  than  that  under  the  normal  conditions 
(Fig.  9d-f).  Moreover,  the  EDS  measurements  using  SEM  showed 
that  the  ratio  of  Pt  to  carbon  in  the  anode  under  the  anode  flooding 
conditions  significantly  increased  from  0.81  (for  the  fresh  MEA)  to 
1.75  (after  the  anode  flooding),  while  that  under  the  normal  con¬ 
ditions  (0.87)  hardly  changed  compared  to  the  fresh  MEA  anode 
(Table  1).  Therefore,  the  increase  in  the  Pt  concentration  of  the 
anode  can  be  attributed  to  the  carbon  corrosion  in  the  MEA  under 
the  anode  flooding  conditions.  Consequently,  the  loss  of  carbon 
supports  for  Pt  nanoparticles  with  PFSA  Nafion  ionomers  resulted 
in  the  deformation  of  TPB  composed  of  H2  gas,  Pt,  and  Nafion 
ionomer  as  shown  in  the  CV  data. 

3.4.  Effects  of  repeated  fuel  starvation  by  anode  flooding  on  the 
catalysts  in  half-cell 

To  study  the  effects  of  repeated  fuel  starvation  caused  by  the 
anode  flooding  on  the  catalysts  in  the  half-cell  using  the  ADT, 
chronopotentiometry  was  conducted  at  a  constant  current  of 
0.2  mA  with  40  wt%  Pt/C  catalysts  loaded  on  a  GC  electrode.  After 
purging  H2  gas  for  200  s,  the  gas  flow  was  switched  from  H2  to 
Ar  (Fig.  10a).  In  the  presence  of  H2  gas,  the  potential  showed  a 
constant  value  of  <0.1  Vrhe  due  to  the  HOR.  However,  the  potential 
increased  to  >1.5  Vrhe  when  the  gas  was  switched  from  H2  to  Ar.  It 
is  well  known  that  such  a  high  potential  causes  severe  carbon 
corrosion  in  catalysts  [34].  At  every  five  cycles,  the  CV  was 
measured  to  detect  the  structural  change  in  the  catalyst  surface 
during  the  ADT.  As  shown  in  Fig.  10b,  the  redox  peaks  between  0.4 
and  0.7  VRHe  in  the  CVs  after  five  cycles  provided  an  important 
evidence  for  the  oxidized  carbon  surface,  well  known  as  the  hy- 
droquinone-quinone  (HQ-Q)  redox  couple  of  oxidized  carbon 
[35].  A  severe  decrease  in  the  EAS  also  confirms  the  catalyst 
structure  degradation  in  the  half-cell  experiment  (Fig.  10c).  These 
results  are  similar  to  those  of  the  CV  data  of  the  anode  in  the  single 
cell  under  the  anode  flooding  conditions  (Fig.  7b).  Therefore,  based 
on  both  the  single  cell  and  half-cell  data,  it  was  confirmed  that  the 
carbons  in  the  anodes  rapidly  degraded  due  to  repeated  fuel  star¬ 
vation  under  the  anode  flooding  conditions. 

4.  Conclusions 

The  effects  of  anode  flooding  on  the  performance  degradation  of 
a  PEMFC  during  a  long-term  operation  were  investigated.  The  long¬ 
term  stability  of  the  single  cell  significantly  decreased  under  anode 
flooding  conditions  by  reducing  the  TPB  in  the  anode  catalyst 
layers.  The  TEM  images  showed  that  the  anode  flooding  did  not 
significantly  affect  the  growth  of  Pt  nanoparticles.  However,  from 
the  SEM,  EPMA,  EDS,  CV,  and  EIS  data,  it  was  concluded  that  the 
performance  degradation  can  be  mainly  attributed  to  the  loss  of 
carbon  supports  in  the  anode.  Moreover,  anode  flooding  may  have 
caused  local  fuel  starvation  in  the  anode,  and  the  half-cell  experi¬ 
ment  under  a  repeated  fuel  starvation  environment  showed  that 
the  carbon  was  actually  oxidized  due  to  the  locally  induced  high 
electrode  potential. 
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